The relaxant effect of 4-hydroxynonenal (4-HNE), a lipid peroxidation product, on human cerebral arteries was studied. Addition of 4-HNE to artery rings promoted no contraction, and after stimulation with pros Abbreviations used: ANOVA, analysis of variance; DAG, di acyl,glycerol; 4-HNE, 4-hydroxynonenal; L-NAME, �-nitro L-arginine methyl ester hydrochloride; PGFzu' prostaglandin F2u; PKC, protein kinase C.
taglandin F2<x (PFG2<x; 10-7_3 x 10-6 M), 100% relax ation was obtained with 3 x 10-5 M 4-HNE. Inhibition of nitric oxide formation with W-nitro-L-arginine methyl ester hydrochloride (L-NAME; (10 -4 M), as well as pros taglandin synthesis with indomethacin (3 x 10-6 M), par tially prevented 4-HNE-induced relaxation, but each of The physiological importance of the vascular en dothelium is widely accepted since the discoveries that the relaxant effect of acetylcholine is endothe lium-dependent (Furchgott and Zawadzki, 19080) and that this effect is related to the action of nitric oxide or a substance containing nitric oxide (Ig narro et al., 1987; Palmer et al., 1987) . 4-Hydroxy nonenal (4-HNE) is a biologically active product generated during peroxidation of lipids. Lipid per oxidation is a free radical-related process that can occur under enzymatic control or nonenzymati cally. The latter is usually associated with physio pathological situations in which oxidative stress ap pears, e.g., ischemia and reperfusion, hyperten sion, and inflammation. The action of 4-HNE to these substances separately failed to inhibit complete re laxation. Addition of both inhibitors together reduced 4-HNE-induced relaxation to =50%, but relaxation could not be abolished. When the endothelium was removed, 4-HNE did not promote relaxation after PGF2<x stimula tion. The possible roles of different intracellular signaling systems in the vascular effect of 4-HNE are discussed. Key Words: 4-hydroxynonenal-Human cerebral artery Nitric oxide-Vascular endothelium. endothelial cells has been studied in culture in terms of 4-HNE-induced cytotoxicity (Kaneko et al., 1988) but not from a functional point of view. A large body of literature has accumulated to establish the relationship between oxygen free radicals and cerebral vascular function and cerebral blood flow (Rosenblum, 1983; Wei et al., 1985; Katusic and Vanhoutte, 1989; Elliot et al., 1992; Katusic et al., 1993) . Interestingly, products of lipid peroxidation such as lipid hydroperoxides (Hubel et al., 1993) and aldehydes (van der Kraaij et al., 1990) also show vascular effects in a variety of territories. U n like reactive free radicals, aldehydes are rather long-lived and can therefore spread from their site of origin and attack targets distant from the initial radical event (Esterbauer et al., 1991) by circulating in blood. The reported physiological human plasma levels of 4-HNE range from 0.3 to 0.7 fJ-M (Selley et al., 1989; Esterbauer et al., 1990) . In view of the likely interaction between endothelial cells and 4-HNE, we examined the vascular effects of this aldehyde in human cerebral arteries.
MATERIALS AND METHODS
Human cerebral arteries were obtained during autopsy offive men (aged 60-80 years) who had died 3-10 h earlier of myocardial infarction. Arteries were immediately placed in prechilled Krebs-Henseleit solution, and 3-mm long rings with 0.8-1.2-mm outside diameters were cut from branches of the middle cerebral artery. In some ar tery rings the endothelium was removed mechanically by inserting a roughened stainless steel wire into the lumen and gently rolling the segment on wet filter paper.
Isometric tension recordings were performed as de scribed elsewhere (Martin de Aguilera et aI., 1990) . The contractile response to 60 mM KCI was similar in rubbed and unrubbed artery rings (1,678 ± 312 and 1,793 ± 154 mg, respectively). Functional integrity of the endothelium was confirmed routinely according to a previously de scribed technique (Furchgott and Zawadzki, 1980) . To study 4-HNE-induced relaxation, rings were precon tracted with 10-7_3 x 10-6 M prostaglandin F20< (PGF2o)' which resulted in contractions ranging from 60 to 80% of the contractions produced by 60 mM KCI. After a stable contraction was obtained, concentration response curves to 4-HNE were determined in paired rings in the absence and presence of �-nitro-L-arginine methyl ester hydrochloride (L-NAME; 10-4 M) and/or indomethacin (3 x 10-6 M).
Prostaglandin F20<' acetylcholine chloride, indometha cin, L-NAME, sodium nitroprusside, and papaverine hy drochloride were purchased from Sigma Quimica (Al cobendas, Spain). 4-HNE was provided by Professor Hermann Esterbauer (Graz, Austria). Stock solutions of the drugs were freshly prepared each day.
Relaxation was expressed as percentage of PGF2 uinduced contraction. All values are expressed as means ± SD. Differences between agonist-and antagonist-treated groups were assessed by two-way analysis of variance (ANOV A), and differences between groups were identi- fied by the unpaired Student t test. Statistical significance was accepted at p < 0.05.
RESULTS
Addition of 4-HNE to the organ bath did not pro duce any significant change in the resting tension (1 g) of human cerebral arteries with or without endo thelium. In arteries contracted with PGF2o:, 4-HNE caused concentration-dependent relaxation (Fig.   IA ). Complete relaxation, defined as 100% of the PGF2o: effect already described, was obtained with 3 x 10-5 M of 4-HNE (Fig. 2) . This vasodilator effect was mostly mediated by the vascular endo thelium since elimination of this tissue completely abolished 4-HNE relaxation (Fig. IB and 2) . In endothelium-intact artery rings, treatment with L-NAME (10-4 M) as well as with indomethacin (3 x 10-6 M) partially inhibited the 4-HNE-induced relaxation (Fig. 2) . These results indicate that 4-HNE-induced relaxation is, at least in part, me-diated by release of nitric oxide and/or dilating pros taglandins from human cerebral artery rings, thus suggesting a common mechanism for the activation of nitric oxide and prostaglandin production.
L-NAME and indomethacin, when added sepa rately, failed to block 4-HNE-induced complete re laxation. Addition of both inhibitors together, along with the highest 4-HNE concentration, decreased the 4-HNE-induced relaxation to 52 ± 25% (n = 9), but again failed to abolish it. These findings suggest that other mechanisms are involved in the potent dilating effects of 4-HNE on human cerebral arter ies.
DISCUSSION
Different hypothesis could fit the 4-HNE action mechanism just described. 4-HNE has been shown to interact with thiol groups (Esterbauer et aI., 1990 (Esterbauer et aI., , 1991 , and the activities of different enzymes and receptors might be modulated by the thiol re dox state (Gilbert, 1984) . Since the involvement of thiol and thiol-reacting compounds in vascular func tion has been recently demonstrated (Fujioka et aI., 1993) , such an effect of 4-HNE cannot be excluded.
Furthermore, it has been demonstrated that 4-HNE can specifically interact with hepatic phospholipase C (Rossi et al., 1990) and endothelial phospholipase D (Natarajan et aI., 1993) . Stimulation of the former leads to the formation of inositol-triphosphate and of the latter to phosphatidic acid-and of both to diacyl-glycerol (DAG). Inositol-triphosphate and DAG act synergistically in the calcium-dependent activation of protein kinase C (PKC), and it has been reported that phosphatidic acid might also ac tivate endothelial PKC and that this activation is independent of DAG (Stasek et aI., 1991) . Activa tion of smooth muscle PKC has been shown to pro mote arterial contraction, mostly via an endothe lium-independent mechanism (Henrion and Laher, 1993; Mosseri et aI., 1993) but also via relaxation (Abebe and McLeod, 1990) . Since certain lipid ox idation products, lipid hydroperoxides, can activate PKC (O'Brian et aI., 1988) , the hypothesis of a 4-HNE-mediated activation of PKC that would promote prostaglandin as well as nitric oxide pro duction in endothelial cells cannot be excluded.
Current studies in our laboratories are investigating these hypotheses.
